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Entropy Budget of the Atmosphere
Josg PINTO PEIXOTO, • ABRAHAM H. OORT,2 MARIO DE ALMEIDA, TMAND ANTONIO TOMI• •
The balance equations for the entropy in the atmosphere are presented and discussed. Using
observed energy fluxes and atmospherictemperatures, we present estimates of the various terms in the
global mean entropy budget. The largestboundaryfluxes of entropy are associatedwith the emission
of longwave radiation. The fluxes of entropy associatedwith turbulent and molecular diffusion are
found to be much smaller. On the planetary scale the mean outgoingflux of entropy at the top of the
atmosphereis found to be about 22 times larger than the mean incomingflux of entropy through solar
radiation. The rates of entropy production and destruction by the various irreversible processesthat
occur in the atmosphere are also computed. The entropy production terms involved in the release of
latent heat and the absorption of solar radiation are, by far, the largest sources of entropy for the
atmosphere, whereas the production of entropy associatedwith the absorption of longwave radiation
is an order of magnitudesmaller. The destructionis mainly accomplishedthrough cooling by outgoing

longwaveradiation.The contributionsof the sensibleheat fluxesand friction are relatively small.
Regionalcontributionsto the total entropy generationin the atmosphereare studiedby consideringan
equatorial region bounded by two latitudinal walls at 15øNand 15øSand a polar region poleward of
70øN. The rates of entropy generationby the various diabatic processesare highestin the equatorial
region; part of the generated entropy is exported to higher latitudes.

1.

INTRODUCTION

Most natural phenomena occurring in the climate system
are characterized by great irreversibility. For example, the
turbulent motion in the planetary boundary layer does not
spontaneouslydevelop into the large-scaleorganizedflow of
the general circulation; a cloud cannot be reconstituted from
the same water it lost previously through precipitation;
rivers do not flow backward

from the sea to their headwa-

Figure 1): the transfer, deS, of entropy across the boundaries of the open system and the entropy produced, diS,
within the system. According to the secondlaw the generation insidethe systemis always nonnegative,dis -> O. Thus
dS = des + dis

dis -> 0

(1)

where dis -- 0 for reversible processesand dis > 0 for
irreversible internal processes and where des could be
positive, negative, or zero. Expression (1) can be written in

ters; and ocean water does not decompose spontaneously
terms of the rates of change:
into oxygen and hydrogen.
We will analyze the entropy budget of the atmosphere
dS des dis
•
+
diS/dt -> O.
(2)
since it is important for the study of the thermodynamical
dt
dt
dt
behavior of the climatic system and, in particular, for
atmospheric phenomena. The second law for an isolated
Using this formulation, the basic differencesbetween reverssystem,
ible and irreversible processes become clearer. There are
numerous irreversible processes occurring in the climate
dS/dt _>0,
system that lead to an increase of entropy. Among these are
the
interaction between radiation and matter, some of the
impliesthat energy can only changefrom a higherto a lower
phase
transitions of water substance, frictional dissipation,
level of availability, that is, it can only changefrom a more
to a less usable form of energy. The secondlaw implies the
existence of a function S, entropy, that for an isolated
system increasesmonotonically until it reaches its maximum
value at the state of thermodynamic equilibrium. An in-

and molecular

diffusion.

Given the continuous increase in entropy that must have
taken place during the course of the Earth's history, how
then can we explain why a global threshold value has not
creasein entropyof a systemmeansa decreose
in available been reached? How can we explain the high level of orgaenergy and an evolution toward a state of greater disorder. nization in certain atmospheric processescharacterizing the
The secondlaw can also be extended to open systemsthat weather and the fact that these processescan evolve in an
exchangeenergy and matter with their surroundings.In this orderly way that at first sight would seem to lead to a
case,followingPrigogine[1962],the total variation,dS, of decrease of entropy? For example, the zonal wind systems
entropy for a system is the sum of two components (see in the atmospheric general circulation are well-defined and
highly organized; millions of tons of water evaporate each
second from the Earth's surface and are lifted up into the
1Geophysical
Institute,University
of Lisbon,Portugal.
2Geophysical
Fluid DynamicsLaboratory,NOAA, Princeton atmosphere against the force of gravity to feed the hydrological cycle; and photosynthesisallows plants to grow year
University, Princeton, New Jersey.
3NationalInstituteof Geophysics
and Meteorology,
Lisbon, after year by absorbing carbon dioxide in the presence of
Portugal.
sunlight.All these processesseemto proceed againstthe law
4European
Centrefor Medium-Range
WeatherForecasts,
Read- of increase of entropy, and all occur as a result of the high
ing, England.
quality (that is, low entropy) of the incoming solar radiation
Copyright 1991 by the American GeophysicalUnion.
and its systematic variation with latitude. It is, of course, the
solar energy that heats the Earth's surface and the atmoPaper number 91JD00721.
0148-0227/91/91JD-00721 $05.00
sphere unevenly, thereby generating the global wind sys10,981

10,982

PEIXOTO ET AL.: ENTROPY BUDGET OF THE ATMOSPHERE
2.

2.1.

General

BALANCE

OF ENTROPY

Considerations

d•S

Fig. 1. Schematic diagram showing the transfer of entropy across
the boundaries and the production of entropy inside a system.

tems, producing the evaporation of water as one of the vital
componentsof the hydrological cycle, and maintainingphotosynthesis, among many other processes.
We can also compare the quality of the shortwave solar

radiation (Ama
x • 0.47/am) with the quality of the longwave
radiation (Ama
x • 10/xm) emitted by the Earth. Accordingto
the Planck equation the energy e of a photon is given by e =
he, where h is the Planck constant and •, is the frequency,
and the energy is thus inversely proportional to the wavelength of the radiation. The same amount of energy contains
fewer photons in the form of solar radiation than in the form
of terrestrial radiation, or in other words, the solar radiation
is more organized (has higher quality) than its terrestrial
counterpart. For the Earth as a whole the amount of entropy
associated with the incoming solar radiation is much lower
than the amount of entropy associated with the emitted
terrestrial radiation, so that the climate system receives
high-quality energy and returns low-quality energy to space.
Thus solar radiation revitalizes the meteorologicalphenomena, feeds the hydrological cycle, and renovates the biosphere. If the Earth were an isolated system, there would be
an unavoidable increase in entropy leading to a deathlike
uniformity of the planet Earth. It is this capacity for permanent renovation that makes all natural phenomena possible
in the climatic system.
Most quantities in the physical world can increase or
decrease with time, but entropy must always increase. The
entropy can decrease locally during a given time interval but
only at the expense of a larger increase of entropy in the
environment, so that it results in a net increase in the global
entropy. Entropy is the "time's arrow," in the words of
Eddington. It gives the direction in which time flows, but it
does not provide the rate at which time is increasing, so it
cannot be used as a clock. Entropy sometimes increases
more rapidly and at other times more slowly; only rarely
does it remain constant. The second law does not provide
the speed of the degradationof energy. This degradationcan
be accelerated (e.g., by animal life) or slowed down (e.g., by
green plants [Prigogine, 1980]).
Several papers dealing with the entropy budget of the
atmosphere have been published before. Among them we
can mention Wulf and Davis [1952], Lettau [1954], Dutton
and Johnson [1967], Dutton [1973, 1976], Paltridge [1975],
Livezey and Dutton [1976], Fortak [1979], Essex [1984],
Johnson [1989], Callies [1989], and Lesins [1990].

Although the atmosphere is not in equilibrium, we will
assumethat there exists a state of local equilibrium, so that
we can still accept the formal relations developed in equilibrium thermodynamics [Prigogine, 1962].
One of the main forms of energy in the climate system is
the radiant energy. We know that the definition of entropy
for a radiating system is well establishedwhen it is assumed
that the system acts as a blackbody in radiative equilibrium.
However, for nonblackbody radiation there is, as yet, no
adequate definition of entropy (see discussions by Essex
[1984], Callies [1989], and Lesins [1990]). Nevertheless, we
follow the usual approach in evaluating the entropy of
radiation beams by acceptingthe idea that the entropy fluxes
are associatedwith the correspondingfluxes of energy. The
rate of entropy carried by a radiation beam is then obtained
by dividing the flux of radiative energy by the emission
ß

temperature.

The rate of change, ds/dt, of entropy per unit mass is
given by
ds/dt = Q/T,

(3)

where Q is the rate of diabatic heating per unit massand T is
the absolute temperature. For the atmosphere the diabatic
heating includes radiative heating and cooling, the release of
latent heat by the phase transitions, the heating by conduction of sensible heat, and the heating by frictional dissipation:
1

Q -- --

{div Frad + pL(e - c) + div J• + 'r: grad c}

(4)

P

where p is the density of air, L is the latent heat of
condensation, c and e are the rates of condensation and

evaporationper unit mass,Frad is the net radiative flux (solar
plus terrestrial), J• is the sensibleheat flux due to conduction, 'r is the wind stress tensor, and c is the wind velocity.
The rate of diabatic heating can be separated into two
components:

Q = Qh + Qf,

(5)

whereQf indicates
thefrictionalpartof thediabaticheating,
that is, the last term on the right side of (4), and Q h contains
the remaining terms.
In the long run, for the total atmosphere the entropy
remains constant, so that using (3) and (5) we have

fv( Qh+Qf')
dV=O' (6)
P

T

'

or, in terms of pressure, using the Poisson equation,
p

pK

. dV = 0,

(7)

where the overbar indicates a long-term average (e.g., a

year),p is thepressure,K = R/cp, R is thegasconstant
for
dryair, andCpis thespecific
heatof air at constant
pressure.
SinceT, p, andQf are alwayspositive,the integrals
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respectively,where • = Frad + JH, and n is the unit vector

p -•-dV

pp• dV

are also always positive. This leads to the conclusion that

Qh

(8)

Qh

(9)

p -•- dV<O
p•dV<O.
pK

Therefore the Q h and T fields (or the Qh and p fields) must
be positively correlated in the atmosphere; that is, high
values of Q h must occur at high temperatures (or at high
pressures) and vice versa in order to generate entropy. This
is what is actually observed in the atmosphere with heating
occurring in low latitudes and at low levels, where the
temperatures are higher, and cooling in high latitudes and at
high levels, where the temperatures are lower. In other
words, the general circulation can be maintained against the
disordering effects of friction only because regions that are
already relatively warm are heated whereas the relatively
cold regions lose energy. The same result is obtained for the
'generation of available potential energy [0oft and Peixoto,
1974; Dutton, 1976].

2.2.

Balance Equation of Entropy

The local balance equation of entropy can be obtained by
substitutingthe expression for diabatic heating (4) into (3)'

ds
p •

dt

div Frad
=

Lp(e - c)
-

T

div JH

T

'r' grad c

T

T

(10)

or

ds

1

1

p •-= -div• (Fra
dq-JH)- •-5(Frad
q-Jn)'grad
T
Lp(e - c)

•' grad c
(11)

If the total derivatives on the left side of (10) and (11) are
expanded and if we integrate the resulting equations over the
entire atmosphere, we obtain

directed outward at right angles to the boundaries of the
atmosphere. The first two terms on the right side of (13) give
the fluxes of entropy across the boundaries associated with
the transport of mass and with the transfer of energy,
respectively. For the entire atmosphere the first term on the
right side of (12) and (13) vanishes at the top of the
atmosphere since p decreasesexponentially with height and
s increases linearly; this term also vanishes at the Earth's
surface where the normal component of the velocity c-n
equals zero. The third and fifth terms on the right side of (13)
have a bilinear form in which one of the components of the
product is a flux of a given quantity and the other is the
gradient of the conjugate intensive state variable [de Groot
and Mazur, 1984]. For the climatic system these generation
terms consist of the products of the rates at which the
various irreversible processes take place (radiation, heat
flow, diffusion, etc.) and the corresponding generalized
force, e.g., the gradient of temperature. Equivalent versions
of the preceding equations are given by Batchelor [1967],
Dutton [1976], and de Groot and Mazur [1984].

Equations (12) and (13) are only approximate equations
since they do not take into proper account the entropy of the
radiant energy fields. This constitutes a difficult problem to
deal with outside equilibrium conditions because the nonequilibrium radiation entropy is not related in a simple way
to the blackbody radiation entropy. However, some attempts have been made recently to evaluate the radiation
entropy [see Essex, 1984; Callies, 1989; Lesins, 1990].
Equation (13) is equivalent to Prigogine's [1962] formulation (2) for the rate of change of entropy when applied to the
atmosphereas an open system. Thus the sum of the first two

termson the right sideof (13) correspondsto the term deS/dt
in (2), while the sum of the last three terms on the right side
of (13) correspondsto the term diS/dt in (2). The last sum
must always be nonnegative(diS/dt -> 0) sinceit is the only
term that remains provided that we consider the atmosphere,
as a whole, as an isolated system. However, the individual
generation terms may not be positive everywhere, as possibly occurs in the case of radiation and in some phase
transitions, such as evaporation, since the integrand may be
locally negative. Nevertheless, the latent heat release, frictional dissipation, and heat diffusion terms are always positive [Batchelor, 1976]. This is easy to prove in the case of the
heat diffusionterm by assuminga type of Fickian law for Jo,

Jo=-k

grad T,

where k is the thermal diffusivity which is positive. The

•

ot

ps dV = -

psc. n dA-

{div Frad + div J•

+ Lp(e - c) + •' grad c} dV
•

Ot

ps dV=-

psc.n dA-

-

•.n

contribution of the heat diffusion terms to the entropy
generation is then always positive since

(12)

- •-•JH.grad
TdV= •-•(grad
T)2dV>0.

dA

T

3.

-

fl•9-grad TdV-

3.1.

•p(e

OBSERVED ENTROPY

l

• a"grad
c dV,

OF THE ATMOSPHERE

Evaluation of the Balance Equation

To evaluate the various boundary terms in (13), it is
convenient

- c)dV-

BUDGET

(13)

to use the mean value theorem

and to introduce

an appropriate reference or equivalent temperature T* for
each component so that
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T*

The

=

mean value

- •.
T

theorem

n dA

•.

n dA

.

(14)

can be used since in the atmo-

sphere the integrand functions (fluxes) are predominantly of
the same sign. For the radiation term in (13) we find

Let us discuss the reference temperature further. This
temperature represents a measure of the average temperature at which the processesoccur. If we assume that the
relative fluctuations of the reference temperatures and of G
are small, that is, T'/T* << 1 and G'/G << 1, then

G/T* = G/T* - G'T'/T '2,
where T' -= T* -

(19)

T* and T* is the time average of the

--7Frad'
ndA= rr*adFrad'
ndA=Grad
/r r*ad, instantaneousreference temperature and not the reference
temperature of the mean state, and similarly for G'. The first
term on the right side of (19) represents the contribution of
the time mean flux of entropy, and the second term reprewhere Grad is the net radiative flux acrossthe boundaries
sentsthe transient eddy contribution. Since T* is very large
intothe atmosphere
(sincen is directedoutward)andTra
* d is
in comparisonto the fluctuations T', the last term in (19) can
the reference radiative temperature. We can obtain similar
be neglected. Further, as our preliminary calculationsof T*
expressionsfor the other boundary terms. Thus (13) can be
have shown, we can use the horizontally averaged temperrewritten symbolically in the form
ature, T, instead of T*. Thus (17) can be written as
(15)

OS
--=
Ot

Grad GSH
•+
+ O'ra
d + O'LH+ O'SH+ O'di
s.
Tr*ad T•H

(16)

In this equation, $ = f v ps dv is the total entropy of the
atmosphere,and %ad,ø'LH,ø'SH,and rrdis denotethe ratesof
generation of entropy by radiation, release of latent heat,
heat conduction, and dissipation of kinetic energy, respectively, which are all associatedwith irreversibleprocessesin
the atmosphere.
For the atmosphere as a whole we will assumethat the net
rate at which latent heat is released can be approximatedby
the product of the observed precipitation rate at the Earth's

Grad/Trad
+ GsH/TsH+ •'rad+ •'LH + •'SH + O'dis-- 0,
(20)

which is used in the following calculations.

3.2.

Global Entropy Budget

To evaluate the entropy budget of the atmosphere, we
begin by estimating the first two terms in (20) that represent
the fluxes of entropy acrossthe top and bottom boundaries
of the atmosphere. As shown by (14) and (15), this requires
surface and the latent heat of condensation:
computing both the mean energy fluxes G across the boundaries and the corresponding(energy flux weighted) reference
temperaturesT* for theseboundaries. To do the calculations
-L
p(e - c) dz • pwLP,
properly, we would need to know the global distributionsof
both the temperature and radiation fluxes at the top of the
where P is the precipitation rate and Pw is the density of atmosphere as well as global distributions of the temperawater. A largegenerationof entropy O'LHmustbe connected ture, radiation, and sensible heat fluxes at the Earth's
with this phase transition. The evaporation rate at the surface. Of all these quantities the temperature distributions
Earth's surface is not included in this term since we only are well known. Also, at the top of the atmosphere the
consider here the entropy budget of the atmosphere itself. radiation fields are reasonably well known from satellite
The mixing of tropical and polar air masses(with different observations, but at the surface the flux fields are relatively
temperatures and humidities) also contributes to the gener- poorly known.
ation of entropy through the diffusion terms in (16).
The mean energy flux values at the top and bottom of the
For a sufficiently long interval of time (e.g., a year) we atmosphere,as given by Peixoto and Oort [1984, Figure 7] in
may assume that on the average the atmosphere is in a the form of percentagesof the total incomingsolar radiation,
steady state. Therefore, averaging of the global entropy are used to estimate the values of the generation terms,
balance equation (16) over time leads to
assumingthat the annual mean incident solar radiation is 340

W m-2. Thecorresponding
reference
temperatures
couldbe

+(T••H
H+brad
+•'LH
+•'SH
+&dis
=0. (17)

r•*ad]

It is worth noting that under steady state conditions the
corresponding energy terms must also obey the energy
balance equation

Grad + GLH + GSH = 0,

(18)

where

GLH
=--•FLH'
ndA
representsthe latent heat term and FLH is the flux of latent
heat.

estimated by taking into account the characteristic global
distributions of the different fluxes and temperature fields,
but as we mentioned earlier, we will use the averaged
temperature instead. The results are presented in Figure 2,
which gives the chosen values for the mean temperatures,
the energy fluxes, and the corresponding entropy fluxes at
the top and bottom of the atmosphere. The mean temperature for the downward solar radiation flux and the upward
fluxes at the Earth's surface were assumed to be 5760 K (the
effective temperature of the Sun) and 288 K (the mean
temperature at the Earth's surface), respectively. We will
use a positive signfor the flux of entropy when it represents
a gain of entropy for the atmosphere and a negative sign in
case of a loss of entropy for the atmosphere.
The three terms in the upward flux of entropy at the top of
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JG=i70W
m-2
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IJG=20.4W
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JG=68W
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m
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m
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Entropy budget of the global atmosphereestimated for annual mean conditions. Shown are the equivalent

temperature
T, in K, theenergyfluxG in W m- 2 , andtheentropyfluxG/T* in unitsof mWm-2 K -i for eachenergy
component at the top of the atmosphere and at the Earth's surface. A positive (negative) sign is used when the
atmosphere gains (loses) entropy. The boxes in the middle of the figure contain estimates for each component of the

atmospheric
temperature
wheretheabsorption
takesplacein K, therateat whichenergyis absorbed,
pQ, in W m-2,
andtherateof entropyproduction
crin unitsof mWm-2 K -1

the atmosphere are associated with the fluxes of infrared
radiation emitted by the Earth's surface (through the spectral window 8.5-11.0/am), the atmosphere, and the clouds.
For the emission of infrared radiation by the atmosphereinto
space we used a mean temperature of 252 K, and for the
emission by the clouds we used a value of 259 K which
corresponds to the mean temperature of the cloud tops
according to Newell et al. [1974].
At the bottom of the atmosphere we estimated the values
of fluxes of entropy associated with the incident solar

entropy associated with turbulent and molecular diffusion

processes
is muchsmaller(71 mW m-2

It is important that the rate of generation of entropy within
the atmosphere also be evaluated in an independent way.
Thus we will try to compute the rate of production of
entropy within the atmosphere directly from the individual
contributions by the various irreversible processes that
occur inside the atmosphere. We again make use of the
energy flux values of Peixoto and Oort [1984]. Let us
consider as an example the evaluation of the generation of
radiation(-29.5 mW m-2 K-i), the upwardsensible
heat entropy due to the absorption of solar radiation. This term
flux(71mW m-2 K-i), andtheemittedlongwave
radiation can be evaluated assuming that the absorption occurs near
(236mWm-2 K -1). Asexpected
fromthehighqualityofthe the 500-mbar level where the temperature is about 252 K, so
incoming solar radiation, the fluxes of entropy in the solar that
radiation are small both at the top and at the bottom of the

atmosphere
with valuesof 41.3 and -29.5 mW m-2 K -1,
respectively.
When we add all boundary fluxes together, the total flux of

sw_

68

68

= 258 mW m -2 K -1

Crrad
-- 252 5760

'

entropyat thetopof theatmosphere
is -884 mWm-2 K -1,

For the latent heat release we assumea net precipitation rate

and the total flux at the bottom of the atmosphereis 278 mW

of 1m yr-1 anda condensation
temperature
of 266K, sothat

m-2 K -1. Thusaccording
to (17)themeanrateofgeneration
of entropy by internal processesin the atmosphere under
-2
steady conditions must be tr = 884 - 278 - 606 mW m
m-1.
As we see from the values given in Figure 2, the total
amount of entropy exported by the climate system to space
is -71 - 513 - 341 = -925 mW m -2 K -1. This value is
about 22 times the amount of entropy imported by the
incoming solar radiation at the top of the atmosphere(41.3

pwLP

79

T

266

O'LH.....

298 mWm-2 K -1,

which represents the largest entropy generation term.
For the sensibleheat exchange processeswe assumedan
average temperature of 280 K as representative of the
bottom layer of the atmosphere. The estimated temperatures, the rate of diabatic heating, and the rate of entropy
mW m-2 K-i).
generation for the individual processes are shown in the
The largest fluxes of entropy are associated with the rectangular boxes in the middle of Figure 2. The values of
longwaveradiationfluxes(236mW m-2 K -1 at the Earth's the entropy generation rates by the various processes are
surfaceand -925 mW m-2 K -1 at the top). The flux of also presentedin Table 1. When we add all these contribu-
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TABLE

1. Entropy Generation by the Various Processes
Occurring Inside the Global Atmosphere

TABLE 3. Fluxes of Entropy Across the Boundaries of the
Globe and the Equatorial, 15ø-70øN, and Polar Regions

Lateral

Entropy Generation

Top

Bottom

Sum

Values,mW m-2 K -1
Globe

Absorption of solar radiation
Absorption of terrestrial radiation

o'rSad
TM= 258
O'rLad
TM= 24

Release of latent heat
Sensible heat flux
Turbulent and molecular

O'LH= 298
o'SH= 2
O'di
s= 7

diffusion of heat

Total generation of entropy

Equatorial
15ø-70øN
Polar

....

884

278

-606

- 161

-925

257

- 829

32
331

-851
- 747

289
250

-530
- 166

Units are mW m -2 K -1.

O'di
s = 589

between the equatorialzone and the poles. Thus two limited
regions were chosen for further study: an equatorial region
tions in Table 1 together, the total rate of entropy generation boundedby the latitudinal walls of 15øNand 15øSand a polar
(589mWm-2 K-•) canbecompared
withtheprevious
value cap northward of 70øN. Conceptually, the only difference
obtained from the global budget of the atmospheric energy between these regional budgets and the global budget comes

(606mWm-2 K-i). Thedifference
is only17mWm-2 K -•

from the existence

and can be attributed to (apart from errors) the approximations made and to some neglectedeffects (e.g., mixing of air

take into account the advective entropy fluxes associated
with the transports of potential energy and sensible heat
acrossthe latitudinal walls. For reasons of completenesswe
will also present the results for the intermediate 15ø-70øN
region where the gradients in most meteorological quantities
are very large and averages are less well defined.

masses).
In summary, the values presented in Figure 2 and Table 1
show that the absorption of solar radiation and the release of
latent heat are by far the largest sources of entropy in the
atmosphere. The rate of production of entropy associated

of lateral boundaries.

Our basic estimates

Thus we must also

of the solar and terrestrial

radiative

with the absorption of longwave radiation is an order of fluxesat the top of the atmosphereare for each regionbased
magnitude smaller than that due to solar radiation since the on the satellite data presented by Oort and Peixoto [1983,
temperatures of the infrared emission and absorption do not Figure 19]. For the atmosphericabsorptionof solarradiation
differ substantially. Among the nonradiative processesthe we used everywhere a value of 20% of the solar radiation
water phase transitions dominate the entropy generation, received at the top of the atmosphere. In the longwave
whereas the rates of generation due to the sensible heat radiation calculations we assumed that 29% of the total
fluxes and friction are found to be relatively small.
outgoing longwave radiation emitted at the top of the atmoThe relevant temperatures we have chosenfor the various sphereis emitted by the Earth's surface and that the remaingenerating processes involve some degree of arbitrariness. ing 71% comes from longwave radiation absorbed in the
In order to analyze the influence of this choice we present in atmosphere. For the surface flux of sensibleheat we used
Table 2 some estimates of the entropy-generating terms for Budyko's [1986, Figure 2.9] results as a guide. Finally, for
various temperatures. As can be seen, the most sensitive the release of latent heat we assumed mean precipitation
processin terms of relative changeis the one related with the ratesof 150cmyr-• in the equatorial
region,80 cmyr-• in
absorption of longwave radiation. Those related with the the 15ø-70øN
belt,and20 cm yr-• in the northpolarregion
other processesare much smaller. In summary, the fluctua- [after Jaeger, 1976].
tions of crare relatively small, so that our main conclusions
Our estimates of the horizontal energy fluxes across the
would not be affected.
latitudinal walls are based on the rawinsonde data by Oort
and Rasmusson [1971, Tables C2 and C3]. In these computations we disregardedthe horizontal radiative and turbulent
3.3. Regional Entropy Budgets
fluxes of heat because they are very small. For the temperTo obtain information about the distribution of the entropy
atures associated with the various energy fluxes we used
sources and sinks in the atmosphere, we present some
again the data from Oort and Rasmusson [1971, Table A4].
results of the budgets on a regional scale. Because of the
We assumedthat the absorptionof shortwave solar radiation
sphericity of the Earth and the nonhomogeneousdistribution
and the emissionof longwave terrestrial radiation both take
of water and land there are large differences in solar insolaplace just above the 500-mbar level and that the latent heat
tion with respect to both latitude and longitude. However,
release occurs near the 500-mbar level in the equatorial
the differences in the solar heating are, of course, most
region, near 700 mbar at mid-latitudes, and near 850 mbar at
pronounced in the latitudinal direction and in particular
polar latitudes.
The resultsfor the various fluxes are presentedin Table 3.
These show a lateral export of entropy away from the
TABLE 2. Influence of Temperature on the Estimates
of the Generation Processesfor the Global Atmosphere

TrSad
TM
248
250
252
254
256

sw
O'fad
262
260
258
256
254

LW
Trad
248
250
252
254
256

LW
O'iad
26.7
25.1
23.6
22.1
20.7

TLH
262
264
266
268
270

equatorial
belt (- 161mW m-2 K- •). On the otherhand,
there is a strong lateral inflow of entropy into the polar

O'LH

region(331mW m-2 K-I). Thevaluesat thetopshowthat

302
300
298
296
293

the export of entropy to space is larger in the equatorial
atmospherethan in the polar atmosphere.
The sums of the boundary terms presented in the last
column of Table 3 give a rough estimate of the net rate of
generationof entropy inside each region. However, in view
of their importancethe individual rates of entropy generation

The temperatures
arein K, andthe o-arein mW m-2 K -•
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TABLE 4.
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Entropy Source Processesfor the Globe and the Equatorial, 15ø-70øN,and Polar
Regions
Absorption
of Solar

Radiation

Absorption of
Terrestrial

Radiation

Latent
Heat

Release

Sensible

Heating

Frictional

Heating

Sam

589

Globe

258

24

298

2

7

Equatorial

335

25

446

2

7

815

15ø-70øN
Polar

253
56

20
18

231
61

3
5

7
7

514
147

Units are mW m -2 K -1.

by the various generating processeswere also estimated
directly for each region, as discussedfor the globe in section
3.2. The results are given in Table 4. The regional friction
effects are not well known. However, we have assumedhere
that the regional values are the same as the global value of 7

the generation of entropy is much larger in low latitudes than
in middle and high latitudes, mainly because of the greater
release of latent heat and the stronger absorption of solar
radiation.

The study of the entropy budgetsfor selectedatmospheric

mWm-2 K -1. Asexpected,
themaingeneration
processesregions provides preliminary information on the spatial
in the equatorial region are related to the release of latent
heat and the absorption of solar radiation. The generation
due to the absorption of longwave terrestrial radiation and
that

due to sensible

and latent

heat

are estimated

to be

relatively small. In the polar region the contributions of
latent heat release and absorption of solar radiation are
found to be about equally important. As expected, the
estimated values of the entropy flux and production terms
for the 15ø-70øNregion lie in between the estimates for the
equatorial and polar regions and are close to the global
estimates. The total values in the last column of Tables 3 and

4 show clearly that the equatorial region is by far more active
than the polar region as far as the entropy generation is
concerned.

The differencesin the total rates of entropy generationas
computed indirectly in Table 3 and directly in Table 4 are
relatively small. They can be attributed to the various
approximationsin the formulation of the problem and in the
actual calculations.

4.

CONCLUDING

REMARKS

In the long-term mean the outgoing flux of longwave
radiation to space equals the incoming flux of solar energy
almost exactly, but the correspondingentropy fluxes are
quite different. In fact, the entropy exported by the outgoing
longwaveradiation is found to be about 22 times larger than
the entropy associated with the incoming solar radiation.
The net export of entropy to space by the climate system
must be equal to the internal production of entropy by the
irreversibleprocessesthat occur within the system.
The computation of the entropy fluxes at the boundaries
dependscritically on the temperatureschosenfor the surface
of the globe, the various layers and regions of the atmosphere, and the clouds.
The most important processesfor the generation of entropy involve the release of latent heat and the radiative
interactions,particularly those associatedwith the absorption of solar radiation. The contributionsto the entropy

distribution of the main entropy sources and sinks. However, there is much room for improvement: (1) A more
accurate and detailed knowledge of the components of the
diabatic heating and of the surface fluxes, together with their
temporal and spatial distributions, is needed. (2) The evaluation of the role of oceanic processesin producing entropy
should be attempted. (3) A more detailed level-by-level
analysis shouldbe performed on a monthly basis so that the
contributions by vertical and horizontal transports of entropy may be estimated and the spatial distributions of the
sources and sinks of entropy can be analyzed.
In summary, the study of the entropy budget has proved to
be important to reach a better understandingof the physical
processesand mechanismsinvolved in the climate.
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